An evolution of a magnetic reconnection in a collisionless accretion disk is investigated using a 2.5 dimensional hybrid code simulation. In astrophysical disks magnetorotational instability (MRI) is considered to play an important role by generating turbulence in the disk and contributes to an effective angular momentum transport through a turbulent viscosity. Magnetic reconnection, on the other hand also plays an important role on the evolution of the disk through a dissipation of a magnetic field enhanced by a dynamo effect of MRI. In this study, we developed a hybrid code to calculate an evolution of a differentially rotating system. With this code, we first confirmed a linear growth of MRI. We also investigated a behavior of a particular structure of a current sheet which would exist in the turbulence in the disk. From the calculation of the magnetic reconnection, we found an asymmetric structure in the out-of-plane magnetic field during the evolution of reconnection which can be understood by a coupling of the Hall effect and the differential rotation. We also found a migration of X-point whose direction is determined only by an initial sign of J 0 ×Ω 0 where J 0 is the initial current density in the neutral sheet and Ω 0 is the rotational vector of the background Keplerian rotation. Associated with the migration of X-point we also found a significant enhancement of the perpendicular magnetic field compared to an ordinary MRI. MRI-Magnetic reconnection coupling and the resulting magnetic field enhancement can be an effective process to sustain a strong turbulence in the accretion disk and to a transport of angular momentum.
I. INTRODUCTION
Transport of angular momentum in accretion disks has been one of the fundamental problems in astrophysics. For the efficient transport of the angular momentum, turbulence generated in a disk is believed to play an important role through strong turbulent viscosity [Shakura and Sunyaev (1973) ]. The most promising process to generate turbulence in accretion disks is the magnetorotational instability (MRI) which is driven by a strong dynamo effect of a shear flow provided by the differential rotation of the disk [Velikhov (1959) ; Chandrasekhar (1960) ; Balbus and Hawley (1991) ]. Since the turbulence in the disk determines the efficiency of the angular momentum transport, saturation of the MRI has been one of the most important problems. In the saturated, quasi steady state, the dynamo effect of the MRI and some sort of magnetic dissipation must be balanced [Balbus and Hawley (1998) ]. Numerous simulation studies have been proposed by many researchers to study the behavior of a quasi steady state of the MRI induced turbulence ; Hawley and Balbus (1992) ; Matsumoto and Tajima (1995) ; Sano and Stone (2002) ]. During the turbulent state of those calculations rapid amplification and dissipation of magnetic energy have been observed implying magnetic reconnection is playing an important role on the dissipation of magnetic energy. Until now, behavior of the plasma in accretion disks is mainly studied based on a conventional MHD approximation. However, in some classes of accretion disks a mean free path of the plasma is estimated to be comparable to the scale of the disk thickness. For example, several observations suggest that in the accretion disk around Sgr A * at the center of our galaxy the ions and electrons are not in the thermal equilibrium. Since the ions are much hotter than the electrons, the plasma constituting the disk is considered to be collisionless. In such a disk kinetic effect of the plasma is considered to be important since a pressure anisotropy generated by the stretching of the magnetic field modifies a feature of magnetic tension.
Based on these facts, several attempts to understand both linear and nonlinear evolution of collisionless MRI have been made. Quataert, Dorland, and Hammett (2002) have studied a linear behavior of MRI under CGL approximation [Chew, Goldberger, and Low (1956) ; Kulsrud (1983) ] together with parallel heat flux due to the Landau damping incorporated via the so-called Landau closure [Snyder, Hammett, and Dorland (1997) ]. They have shown that the pressure anisotropy modifies the linear behavior of the MRI and have suggested that the kinetic plasma effect would also be important in the nonlinear evolution of MRI. Sharma et al. (2006) have extended this study to a nonlinear regime by using a so-called collisionless MHD code. Based on the linear analysis, they have applied the CGL approximation together with the Landau closure for calculating the temporal evolution of the parallel and the perpendicular pressure with respect to the local magnetic field. In addition, they have assumed that the upper and the lower limit of the pressure anisotropy is limited by the criteria of the firehose, the mirror and the ion cyclotron instabilities. These instabilities would cause pitch angle scattering of the ions and lead to a relaxation of the generated pressure anisotropy. They have found that with the equation of state based only on the standard CGL approximation, enhancement of the magnetic field generates the perpendicular pressure anisotropy and have obtained a remarkably low saturation level of the MRI. The result was well understood as a suppression of the MRI by the generated perpendicular pressure anisotropy, because the perpendicular pressure anisotropy effectively enhances the magnetic tension which act as the restoring force in the evolution of the MRI. With the parallel heat flux and the appropriate pitch angle scattering model, they confirmed the nonlinear evolution of the MRI and found that the rate of the angular momentum transport is enhanced moderately.
Numerical simulations of MRI capturing full kinetic effects in a consistent manner have been performed by Riquelme et al. (2012) and Hoshino (2013) by using a 2.5D PIC code which treats both the ions (the positrons, in Hoshino (2013) ) and the electrons as superparticles. Riquelme et al. (2012) have shown that during the evolution of the kinetic MRI, the pressure anisotropy has been indeed, relaxed by the mirror mode and have confirmed basic features in the nonlinear stage of the MRI reported in Sharma et al. (2006) . They have also found that the channel flow and the current sheet which are usually found in the final state of the 2.5D MHD simulations were corrupted due to a magnetic reconnection. Hoshino (2013) has extended the study to a relatively high beta (β 90-6000) pair plasma and found the corruption of channel flow as well. Moreover they found that during the "active" phase when the magnetic reconnection takes place repeatedly and the channel flow is corrupted, the Maxwell stress is greatly enhanced. In both simulations particle acceleration associated with the magnetic reconnection has also been observed.
Kinetic effect of plasma is also considered to be important in the evolution of magnetic reconnection. Several in-situ observations of the earth's magnetotail, which is also constituted by a collisionless plasma, have pointed out the existence of thin current sheet [Asano et al. (2003) ]. In those thin current sheets, the thickness has found to be comparable to the scale of the ion inertia length. In the magnetic reconnection with such a thin current sheet effect of the Hall term in the generalized Ohm's law is also important [Sonnerup (1979) ; Terasawa (1983) ]. Therefore, for the understanding of the magnetic reconnection in the collisionless accretion disks, the kinetic effect of the plasma, together with the effect of the differential rotation should be taken into account in a self-consistent manner.
For an investigation of kinetic effect of the plasma, PIC simulation gives a self-consistent picture. However the attainable scale of the method is roughly limited in a several hundred times of the Debye length which is far smaller than that of the actual disk. In addition, as full particle code must resolve a time scale related to the electron physics it requires a massive integration time if one tries to focus both on the Keplerian time scale and on the electron time scale. Moreover, under a "first order" approximation kinetic effect of the ions should be more important than that of the electrons since it is often found in a collisionless accretion disk, the thermal energy of the ions dominates that of the electrons. In this point of view, a hybrid code which treats the ions as particles and the electrons as massless fluid would provide a more robust approach rather than a full particle method.
In this work, we will study an evolution of a differentially rotating system with a hybrid code including the effect of the Coriolis and the tidal force. As a first step, we will mainly focus on an evolution of a magnetic reconnection in the differentially rotating system, which would exist in the turbulence generated by the MRI. The structure of this article is as follows. In Sec. II, we first describe our 2.5D hybrid code which includes the Coriolis and the tidal force with an open shearing boundary condition [Hawley, Gammie, and Balbus (1995) ]. Since our simulation here is focused on a 2.5D system, the boundary condition degenerates to a conventional periodic boundary condition for the deviation components from the background differential rotation. Next in Sec. III, we introduce the results of the five consecutive runs. We also briefly introduce the linear growth of the MRI calculated with our hybrid code. At last in Sec. IV, we summarize our results and discuss their effects on the MRI.
II. HYBRID SIMULATION IN A DIFFERENTIALLY ROTATING SYSTEM
We focus on a time evolution of the magnetic reconnection in a localized region of an accretion disk. Under the so-called 'local approximation', a number of simulations have been carried out to study a nonlinear evolution of the system under the differential rotation. Those studies which mainly focused on the evolution of the MRI are performed basically under the MHD approximation ; Hawley and Balbus (1992) ; Matsumoto and Tajima (1995) ; Sano and Stone (2002) ], and recently using PIC codes [Riquelme et al. (2012) ; Hoshino (2013) ], taking kinetic plasma effect into account in a self-consistent manner. Basic equations of our simulation are essentially the same with those used in the previous studies, but by using a hybrid code, we took kinetic effect of the ions into account in a self-consistent manner and covered spatially wider region compared to those calculated in PIC simulations. Like in the MHD and the PIC calculations, one must pay attention to the boundary conditions in the differentially rotating system. A brief introduction about the boundary condition is given in Appendix A.
A. Basic Equations
As we focus on a local evolution of the magnetic reconnection, we describe a set of equations in a local corotating frame with the angular velocity of Ω 0 at the distance of r 0 from the central massive object. In this rotating coordinate, we solve a set of LorentzMaxwell equations. The ions are treated as superparticles and their motion is calculated with the Lorentz equation including the Coriolis force, the centrifugal force, and gravity, expressed with the cylindrical representation (r,ϕ,z),
Here m i is the ion mass, v i is the ion velocity, r i is the ion position, e is the ion charge, c is the speed of light, E is the electric field, B is the magnetic field, g(r i ) is the gravity from the central object, and e r is an unit vector of r-component. Throughout this paper the vertical component (z-direction) of the gravity is ignored, and in the background rotation, balance between the gravity and the centrifugal force, m i g(r i ) = m i rΩ 2 0 is satisfied. The electron, on the other hand is assumed to be a massless charge neutralizing fluid, and a generalized Ohm's law is given by
where n e = n i is the number density of the electrons (ions), v e is the moment averaged velocity of the electron, η is the resistivity and J is the current density. Since we focus on the ion physics and assume the kinetic processes of the electrons, such as pitch angle scattering would take place much faster than those of the ions, we take the electron pressure, p e as a scalar variable and assume to be given by an adiabatic relation,
where γ = 5/3 is the adiabatic constant. In addition, the Coriolis force, the centrifugal force and the gravity are neglected for the electrons because of a limit m e → 0. Finally, with the Maxwell equations under the Darwin approximation,
we obtain a closed set of equations.
In this study we investigate the evolution of the system in the meridional plane (r, z), of the accretion disk. Since we focus on the localized region of the accretion disk, we approximate the background differential rotation with a linear profile. Introducing the following transformation,
and applying the tidal expansion on the Hill coordinate [Hill (1878) ], the equation of motion (1) becomes,
where e x is an unit vector of x−component and q = ∂ ln Ω/∂ ln r| r=r0 and for a Keplerian rotation g(r i ) ∝ r −2 , q is equal to −3/2. Note that as we assume the size of the simulation domain is much smaller compared to r 0 , the above equations may now be expressed in the Cartesian coordinate. Under this approximation, we can write the background Keplerian velocity in the corotating frame as,
where e y is an unit vector of y-component. Because of this background flow, non-zero electric field E K = −v K ×B/c is always observed in the corotating frame. Since this electric field is a function of x, charge neutrality is not exactly satisfied in this system. The magnitude of the charge inequality is estimated as,
where V A = B/ √ 4πn i0 m i is the Alfvén velocity and Ω ci = eB/m i c is the cyclotron frequency of the ions. In an usual accretion disk, Ω 0 /Ω ci 1 holds and also under the hybrid framework V A /c → 0 is assumed. Therefore the inequality of the charge due to the differential rotation can be neglected in the hybrid framework. For the integration of equation (10) we use the ordinary Buneman-Boris method with transformed electric/magnetic field,
For update of E and B we adopt the iterative method proposed by Horowitz, Shumaker, and Anderson (1989) .
B. Initial Conditions and Simulation method
As mentioned in the former section we investigate an evolution of the system in the 2.5 dimensional meridional (x, z) plane. The size of the domain is set to be L x × L z = 160 × 960 cells whose grid interval (∆x) is set to be the half of the ion inertia length (λ i ). As an initial condition we adopt double Harris sheets [Harris (1962) ] along z-direction,
Here l is the width of the current sheet and is set to be 1.8λ i throughout this article.
is the center of each current sheet and as we shall discuss in Appendix B, the center of current sheet is not fixed in our simulation model. Initially x c (0) and x c (0) are located on L x /4, 3L x /4, respectively. To satisfy the initial pressure equilibrium (B 2 /8π = n c (T i + T e )), ions are assumed to have a spacial distribution of,
where n c is the number density at the center of the current sheet and n 0 is the number density in the outside of the current sheet region. In the following calculations we use 55 superparticles per cell in the outside of the current sheet region. For the velocity distribution the ions are assumed to have a shifted-Maxwellian distribution with a background Keplerian rotation,
where T i is the initial temperature of the ion and v d,i is the ion drift velocity which is defined as,
In the following, all physical quantities are normalized with those of the parameters in the outside of the current sheet region. In the collisionless accretion disks such as disks around a black holes, the temperature of the electrons is considered to be much colder than that of the ions [Narayan, Yi, and Mahadevan (1995) ]. Therefore we set the initial temperature of the electron as T e = 5 × 10 −3 T i . To save the integration time, we put localized perturbation in y-component of the vector potential following the form introduced in Zenitani et al. (2011) ,
where z X = L z /4, z X = 3L z /4 is the z-coordinate of the X-point and B 1 is the strength parameter of the perturbation which is set to be 0.12B 0 in this calculation. In addition, we include a localized resistivity in the X-points,
and the magnetic Reynolds numbers defined with λ i V A0 /η 0 and λ i V A0 /η c are set to be 2000 and 200, respectively. Here we impose the uniform resistivity since the magnetic reconnection does not occur in the ideal MHD limit. Therefore, we choose sufficiently small value of the resistivity for the uniform component and compare our results with the theory of the MRI under the ideal MHD approximation. The localized resistivity is imposed as anomalous resistivity due to the several instabilities generated in the vicinity of the X-point, such as lower hybrid instability [e.g. Higashimori and Hoshino (2012) ]. As we will discuss in Appendix B, we have confirmed that the following results are not affected by the localized resistivity. With this initial condition we perform five runs varying the rotational parameter (Ω 0 /Ω ci ). We choose RUN A which has no rotation as a fiducial run and gradually increase the rotational parameter. Several important parameters in the calculation are described in Table I . In RUN B and C the rotational parameter does not exceed the instability criteria for the MRI defined with the parameters in the outside of the current sheet region,
On the other hand with the rotational parameter used in RUN D and E, the entire domain is unstable to the MRI. In RUN D resulting fastest growing wavelength of the MRI defined with the parameters in the outside of the current sheet region is the same as L z , whereas in RUN E the fastest growing wavelength is the same as L z /2. As we take the background differential rotation into account, the evolution of the MRI is recovered in this hybrid code with a uniform background plasma. In RUN F we impose uniform plasma to calculate a linear growth of the MRI. In high β i plasma (β i 100) rich kinetic effect of the ions such as generation of pressure anisotropy [Hoshino (2013) ], and finite Larmor radius effect [Ferraro (2007) ], would modify the linear behavior of MRI. However, since we simply aim to focus on the conventional evolution of MRI, we set β i = 1.0 in this calculation. In this run we impose 800 superparticles per cell whose grid interval was set to be ∆x = λ i . In this run the size of the domain is set to be L x × L z = 80 × 480 and the rotational parameter is set to be the same as the one used in RUN E. Thus mode 2 of the MRI is expected to be the fastest growing mode in this calculation. The other parameters used in the simulation are listed in Table I . 
III. RESULTS

A. Linear growth of MRI
First, we briefly look at the evolution of the MRI. Figure 1 shows the time evolution of the density and the magnetic field line in RUN F. As expected in the previous section, mode 2 of the MRI which can be clearly observed in Figure 1 , is the most unstable with the parameters used here. As it is often reported in the MHD calculations, two sets of channel flows are generated in the final state of the calculation. The linear growth of the MRI is also confirmed with the Fourier decomposition. In Figure  2 we show a growth rate obtained from our simulation. The horizontal axis corresponds to the normalized wavenumber whereas the vertical axis corresponds to the growth rate. Solid curve corresponds to a dispersion relation of the MRI obtained from the linear analysis of a Hall MHD equations [Balbus and Terquem (2001)] , whereas the open circles correspond to the results from our hybrid simulation. As we can see from the plot, our results are in good agreement with those of the conventional MRI.
B. Magnetic Reconnection: Overview
Let us go on to the results of the magnetic reconnection. We first overview our results. Figure 3 shows the structures of five runs at the each stage of the reconnection. The most distinct feature is found in RUN E whose magnetic field line in the entire region of the simulation domain is remarkably bent. We consider that in this parameter the MRI is the dominant process for the evolution of the system. The relation between the magnetic reconnection and the MRI shall be discussed in the following section. In RUN B,C and D the effect of the Kepler rotation seems to be relatively moderate compared to RUN E. At the onset stage of the reconnection (Ω ci t 144) there is no significant difference in the structure between each run. However, as the reconnection goes on, an asymmetric structure gradually becomes remarkable in RUN B, C and D. The asymmetry becomes clearer as the rotational parameter increases. In addition, a migration of X-point is observed in all run with the finite Kepler rotation (RUN B-E). A physical interpretation of this migration shall also be discussed in the following section. Another asymmetry is also found in the out-ofplane magnetic field. Figure 4 shows the structure of the out-of-plane magnetic field (B y ) at the final stage of five runs. It is clear, especially in RUN C and D, the absolute value of B y is, in average, larger in the right side of the X-point compared to that in the left side. This is understood by considering the coupling of the Hall effect and the differential rotation and shall be discussed in the next section.
C. Magnetic Reconnection: Asymmetric evolution of out-of-plane magnetic field
It is well known that the quadrupole structure in the out-of-plane magnetic field is observed around the X-point in the numerical simulation under the framework which distinguishes the magnetization degree of the ions and the electrons. In the hybrid framework which treats the ions as superparticles with finite mass and the electrons as massless charge neutralizing fluid, the magnetization feature of each component is also distinguished. This gives a significant difference in the motion of each component around the X-point resulting the in-plane Hall current and out-of-plane magnetic field [Sonnerup (1979) ].
In our fiducial run (RUN A), a clear quadrupole structure is also found in the symmetric manner ( Figure 4) . As we pointed out in the previous section an asymmetric structure in the out-of-plane magnetic field (B y ) is found in RUN B, C and D. The asymmetry becomes significant as the rotational parameter increases. corresponds to B y . In the left panel of Figure 5 , B y is also plotted along the dotted line denoted in the right panel, and from the top to the bottom each panel corresponds to line A-D. The dashed red lines plotted vertically in the left panels correspond to the baseline which passes through the X-point. In cut C and D clear asymmetry with respect to the red line is observed and the absolute value of B y is always found to be large in the right side of the X-point compared to the left side. These structures can be understood by a simple coupling between the Hall magnetic field produced by the reconnection and the effect of the differential rotation. Figure 6 shows the schematic view of the system. As the reconnection grows the quadrupole magnetic field parallel to the y-axis is generated due to the Hall effect. As the reconnection goes on and B x is generated the dynamo effect of the differential rotation produces B y following to the y-component of the induction equation (A3). Since B x generated by the reconnection has opposite sign on the different side of the X-point so as B y generated by the shear motion. Superposing the quadrupole B y due to the Hall current and the antisymmetric B y due to the shear motion, the asymmetric structure in the out-of-plane magnetic field is clearly understood and in the case of Figure 6 , for instance, the larger absolute value of B y is observed in the right side of the X-point.
Paying attention to the fine structure, the "undulated" feature in the out-of-plane mag- netic field is found in the nonlinear stage of the reconnection. This structure is consistent with the one introduced in Arzner and Scholer (2001) . They have pointed out that the structure is a consequence of an instability driven by a shear flow and a parallel pressure anisotropy generated in the layer consisted with the outflow region and the outside of the current sheet region. We note that in our simulation setup with the finite rotational parameters, any scale of perturbation would be unstable to the MRI inside the current sheet following to the conventional definition of the MRI criteria. This is because inside the current sheet the magnetic field gradually decreases whereas the density increases which leads to V A,Out → 0 in the right hand side of the equation (21). However as we can see from Figure 4 , the characteristic scale of the "undulated" structure seems to be insensitive to the rotational parameter. Thus this structure can also be considered as the one introduced in Arzner and Scholer (2001) and the modulation by the MRI seems to be rather weak in this instability. In addition, a standing wave structure whose wave front is approximately parallel to the magnetic field line is found in the region where the transition takes place from the current sheet to the outside region. Approximating the structure of current sheet as a slow shock, this wave structure is regarded as a standing wave train found in the dispersive shock when the ion inertia scale is much larger than the resistive scale [Hau and Sonnerup (1992) ]. These fine structures are found not only in RUN D but also in RUN A-C on which the effect of the Kepler rotation is relatively moderate.
D. Magnetic Reconnection: Migration of the X-points
Another remarkable structure is found in the vicinity of the X-point. As described in the overview the asymmetry becomes significant as time goes by. At the same time, the X-point migrates in a certain direction. The direction of the X-point migration is always the same as long as the sign of J 0 ×Ω 0 , and we observe the migration in the opposite direction with the opposite sign of J 0 ×Ω 0 ,. The migration distance of the X-point is larger in the runs with the larger rotational parameter. Figure 7 shows a focused view of the X-point at Ω ci t 437 in RUN D. Here, the color contour in the right panel corresponds to the ion density. In the left panels, we show several physical values along the dashed white line indicated in the right panel. From the top, the density (solid line) and the pressure (dashed line) of the ions, the moment averaged ion velocity (V x,ions ), the y-component ion velocity deviation from the background Kepler rotation (V y,ions ), and the magnetic energy normalized with the initial value in the outside of the current sheet region, are plotted. The horizontal red dashed line plotted in the second row corresponds to the migration velocity of the X-point. In average, inflow speed of the ions from the both sides of the X-point are the same in the rest frame of the X-point.
The migration of the X-point itself is easily understood by the generation of the flow by the MRI. However the correlation between the sign of J 0 ×Ω 0 and the direction of the migration is not obvious. This correlation can be understood by considering the asymmetric growth of MRI with respect to the neutral sheet. Since the conventional criteria of the MRI is given by Equation (21), the MRI is always active inside the current sheet where the magnetic field strength and the ambient Alfvén velocity are infinitesimally small. However, since we have carried out the calculations under hybrid framework, the effect of the Hall term should also be taken into account. As reported in Balbus and Terquem (2001) , the Hall term extends the unstable region of the MRI to a shorter wavelength when the orientation of the magnetic field and the background rotational vector is anti-parallel, and vice versa. Following to their dispersion relation, the effect of Hall term is still minor in the outside of the current sheet region in our simulations. However, in the vicinity of the current sheet, the time scale of the cyclotron motion may reach to that of the Kepler rotation, and as a result the Hall term would be effective in this region. In Figure 7 , the ambient magnetic field is anti-parallel to the rotational vector in the left side of the current sheet and the instability criteria is reduced in this region. Therefore the small scale perturbation triggered by the magnetic reconnection would couple to the MRI and can be enhanced in this side of the current sheet, resulting a migration of the X-point, whereas in the opposite side of the current sheet, the characteristic scale imposed by the magnetic reconnection does not satisfy the criteria of the MRI under the Hall effect. From the second and the third row, we find V x,ions /V y,ions > 0 in the left side of the X-point which is also satisfied during the growth stage of the MRI. We consider this phase relation is also consistent with the above explanation. In addition to the calculation introduced in the present article, we have also varied the number of the superparticles and the grid interval and confirmed that the above results were not affected by these parameters.
E. Magnetic Reconnection: Magnetic reconnection as a trigger of the MRI As we have described in the overview, in the outside of the current sheet region of RUN E perpendicular magnetic field is remarkably enhanced which implies the dominant process in this parameter regime is the MRI. During the evolution of the MRI, a magnetic reconnection also takes place with the associating X-point migration giving additional growth of B x together with the reconnection. In this section, we point out that the reconnection would also contribute to a relatively large initial perturbation on the growth of the MRI.
In order to evaluate the effect of the magnetic reconnection on the evolution of the MRI we perform another comparative calculation. Here we choose RUN E as a fiducial run and another run (RUN E2) is calculated without the initial trigger for the magnetic reconnection; by excluding the initial vector potential (19) and taking η c = 0 in the resistivity (20) . Note that we have left the uniform component of the resistivity η 0 . Therefore, under this initial condition, both a tearing mode instability and an MRI would take place. Here the fastest growing mode of the MRI in the outside of the current sheet region is 0.75Ω 0 0.02Ω ci
FIG. 7. A focused view of the X-point in RUN D.
which is comparable to that of a tearing mode which can roughly be estimated as 10 Terasawa (1983) ; Hesse and Winske (1993) ]. Figure 8 shows the time evolution of the two comparative runs. Again the color contour corresponds to the ion density, and the solid line corresponds to the magnetic field line. From the top panel (Ω ci t 334) we observe that the X-point in the different current sheet migrates in the opposite direction. From the bottom panel (Ω ci t 437) it is clearly observed that the perpendicular component of the magnetic field is significantly enhanced in RUN E. Another distinct feature is also found from the Fourier decomposition of |B x | in each run. In Figure 9 we show the evolution curves of each mode in the both calculations. The Fourier transformation was applied on B x along the z-axis in the outside of the current sheet region (10λ i ≤ x ≤ 20λ i ). In this region, we can approximate the uniform plasma background and can compare results with the theory of conventional MRI. Within the two runs we find no significant difference in the maximum growth rate and was the same as that of the conventional MRI (γ max = 0.75Ω 0 ) except for mode 3 in RUN E. During the initial growth stage of RUN E (0Ω ci t−100Ω ci t) the growth rate is roughly 1.3Ω 0 which is about 1.8 times faster than that of the MRI. This implies that the magnetic reconnection and the associated X-point migration initially gives relatively large perturbation and act as an trigger for the MRI. During the middle stage of the evolution, the growth rates of all the modes do not exceed the maximum growth rate of the MRI. Triggered by the X-point migration, in this stage, the power of B x in the outside of the current sheet region of RUN E is, in average, ∼ 30 times larger than that of RUN E2. It is worth noting that the fastest growing mode in RUN E is mode 3 even the initial rotational parameter was set for mode 2 to be the most unstable. At the initial stage of reconnection, the reconnection rate corresponding to the separatrix angle determines the mode with the largest amplitude. At the same time, the X-point migration from the another current sheet gives perturbation towards opposite direction in z 3L z /4. As a result at the initial growth stage a large amplitude perturbation corresponding to mode 3 is given by the magnetic reconnection and by the associating Xpoint migration. During the middle stage of the growth (Ω ci t 100) the ambient magnetic field parallel to the rotational axis is weakened by magnetic reconnection leading shorter wavelength to be more unstable to the MRI. It is well known that the linear process of a 2.5D MRI also holds even the perturbed field amplitude is relatively large compared to the ambient field [Goodman and Xu (1994) ]. Therefore, in the middle stage of the evolution, mode 3 can be the most unstable. 
IV. SUMMARY AND DISCUSSIONS
In this study we developed a 2.5D hybrid code including the Coriolis and the tidal force which can be found in a local corotating frame with a standard open shearing boundary condition [Hawley, Gammie, and Balbus (1995) ]. In this code, azimuthal symmetry is assumed and as a result, the boundary condition degenerates to a standard periodic boundary condition for the deviation components. With this code we first confirmed the evolution of the MRI. As a first step we focused on the linear growth of the instability in the low β i limit so that we would neglect rich kinetic effects introduced in Hoshino (2013) and Ferraro (2007) and would compare the results with the conventional linear theory. The result was in good agreement with the conventional theory of the MRI. We note that the studies of long term evolution of MRI in the high β i regime would be important to understand the relaxation process of the pressure anisotropy in the collisionless accretion disks.
We also investigated the effect of the differential rotation on the evolution of the magnetic reconnection with five consecutive runs. Main results are summarized as follows:
First we found an asymmetric structure in the out-of-plane magnetic field in the vicinity of the X-point. This can be understood by the coupling of the Hall term and the differential rotation. As the reconnection grows, a Hall current around the X-point generates quadrupole magnetic field. At the same time, the perpendicular magnetic field generated by the magnetic reconnection is sheared by the differential rotation generating a dipole structure in the out-of-plane magnetic field. The asymmetry is created as a superposition of these two processes. Furthermore, we also confirmed the "undulated" structure reported in Arzner and Scholer (2001) . Here, the differential rotation seems to have a minor effect on the generation of the "undulated" structure.
Next we found a migration of the X-point. This can be interpreted as a result of the MRI evolution coupled with the magnetic reconnection under the Hall effect. Since we have taken the Hall effect into account, the instability criteria of the MRI is different between the opposite sides of the neutral sheet. The particular side of the outside of the current sheet region has a reduced criteria of the MRI, whereas the another one has a severer criteria. Since a small scale perturbation given by the magnetic reconnection would couple with the MRI under the Hall effect in the particular side of the current sheet, the perturbation imposed by the magnetic reconnection would be enhanced in an asymmetric manner. This asymmetry in a growth of the MRI would result the migration of the X-point and its direction is determined only by the initial sign of J 0 ×Ω 0 .
Finally we found that the migration of the X-point can be a trigger of the MRI and can modify the characteristic scale of the perturbation. As the X-point migration generates relatively large B x perturbation, the magnetic reconnection in the differentially rotating system can be an effective trigger of the MRI. At the same time, the magnetic reconnection annihilates the ambient magnetic field shifting the most unstable wavelength of the MRI to the smaller scale.
It is well known that during the quasi steady state of the MRI induced turbulence, the magnetic energy is enhanced intermittently and released within a short time scale. During this stage a disruption and a re-organization of the channel flow take place repeatedly and a magnetic reconnection plays an important role on the dissipation of the magnetic field and heating of plasma. This process generates spike structures in the time evolution of the Maxwell stress curve during the quasi steady state [Sano and Inutsuka (2001) ]. It has also been pointed out from 2.5D PIC simulations that during the "active" phase when the magnetic reconnection takes place repeatedly the efficiency of the angular momentum transport increases [Hoshino (2013) ]. These results imply that the repeating process of magnetic energy enhancement by the MRI and dissipation by the magnetic reconnection is essential to an effective angular momentum transport. Though our initial setting is limited in the specific structure of the current sheet, we consider that the "triggering" effect of magnetic reconnection would be an effective seed of a re-organization of the current sheet associated to the channel flow and as a result, contributes to a strong angular momentum transport in the collisionless accretion disk.
It is worth noting by using the hybrid code, we have bridged the scale gap between the MHD scale and the PIC scale. Though several hundreds of ion inertia scale is still be smaller than the actual scale of the disk, we believe that the results of the present article would be non-negligible in the thick current sheet. For fully understanding the evolution of the MRI, the associated generation and relaxation of pressure anisotropy, the dissipation by magnetic reconnection, and the resulting efficient angular momentum transport, a massive 3D simulation would be required. We would also like to point out that not only the 2.5D meridional plane analysis but also the equatorial (x, y) plane analysis would be important for the understanding of the fundamental physics of the magnetic reconnection in the differentially rotating system. the open shearing boundary condition proposed by Hawley, Gammie, and Balbus (1995) degenerates to a standard periodic boundary condition for the deviation components.
For updating of the particles, we use the Buneman-Boris method. Here we use the particle velocity observed in the corotating frame; that is, all the particle velocity includes the Keplerian component in the time integration of the particle. At each time step we subtract the Keplerian velocity component of the particles using updated position information (x n+1/2 i ). Then we apply a moment calculation to obtain the deviation component of the current density using an appropriate shape function,
i,dev we calculate the deviation component of the electric field (E n+1/2 dev ) by using the Ohm's law (3), and the Ampére's law (6). Note that since the simulation is performed under nonrelativistic limit, the magnetic field is Lorentz invariant. The electric field observed in the corotating frame is obtained by applying a Lorentz transformation on this electric field. This is applied by adding the induction term due to the Keplerian flow to the deviation component,
For the update of the magnetic field, we separate the ∇× calculation of the electric field to the deviation component and the Keplerian component. As we assume the azimuthal symmetry (∂/∂y = 0), together with the solenoidal condition (5), the Keplerian component of the induction term is calculated as follows,
This equation physically describes the shearing effect of the differential rotation generating the y-component magnetic field from the x-component. B n+1/2 and E n+1/2 are iteratively calculated in the update of the field. Since the periodicity is guaranteed for the deviation components and for the magnetic field, this separation of the ∇× calculation greatly reduces the complication in taking the boundary condition with the shear flow. Figure 10 shows the position of the neutral point observed in each calculation. As the rotational parameter increases the amplitude of oscillation becomes significant though its amplitude is smaller than the initial width of the current sheet. This is due to the initial current in the neutral sheet. Since in this calculation, the ions are hotter than the electrons, the dominant component with subject to an out-of-plane initial current is the ions. As the ions have finite mass in the hybrid framework, any initial motion inside the equatorial plane will couple to the differential rotation through the Coriolis force. In this case the initial out of plane drift ±V y creates ∓V x with π/2 phase delays due to the Coriolis force. Once V x has created the compression and the expansion of the plasma and the magnetic field take place since the direction of the drift motion is opposite with the each current sheet. Therefore, the oscillation can roughly be regarded as a perpendicular mode of the fast mode magnetosonic wave. The estimated frequency of perpendicular fast mode wave in this system is approximately 0.1Ω ci , which roughly explains the results.
As the amplitude of this oscillation is relatively small throughout all the parameters used in this calculation we find it is valid to use a Harris solution as an approximate equilibrium solution in this system provided that the rotational parameter Ω 0 /Ω ci is sufficiently small. However, since the anomalous resistivity is imposed locally in the current sheet center, and since the current sheet oscillates in time, one must pay attention to the detection of the current sheet center. At each time step the current sheet centers (x c (t) and x c (t)) are detected by calculating a local maximum of | (∇ × B) y | in the vicinity of the current sheet centers which has also been detected in the previous time step.
It is worth noting that the initial direction of V x generated by the neutral sheet current and the direction of the X-point migration introduced in Sec. III is opposite. In addition, we have also confirmed, by setting η c = 0 in equation (20) , that the way of detecting the current sheet center does not affect the direction of the X-point migration. Therefore, we conclude that the X-point migration is independent to an initial plasma sheet oscillation and purely a result of coupling with the structure of the reconnection and the differential rotation.
